A small library of thermoresponsive amphiphilic copolymers based on polylactide-block-poly((2-(2-methoxyethoxy)ethyl methacrylate)-co-(oligoethylene glycol methacrylate)) (PLA-b-P(DEGMA)-co-(OEGMA)), was synthesised by copper-mediated controlled radical polymerisation (CRP) with increasing ratios of OEGMA : DEGMA. These polymers were combined in two ways to form nanoparticles with controllable thermal transition temperatures as measured by particle aggregation. The first technique involved the blending of two (PLA-b-P(DEGMA)-co-(OEGMA)) polymers together prior to assembling nanoparticles (NPs).
Introduction
Thermoresponsive nanoparticles are of interest for a range of applications including sensing, diagnostics, adaptive optics and therapeutics. [1] [2] [3] [4] [5] [6] The most widely studied nanoparticles of this type have been those intended for drug delivery, as the thermal triggering of a response in a carrier vehicle potentially allows exogenous control of particle location or drug release at a specific site. [6] [7] [8] [9] [10] The thermoresponsive behaviour of these nanoparticles is usually bestowed by a surface corona of polymer chains which undergo a phase transition at a specified temperature in solution/suspension. The thermoresponsive polymers can be attached to a pre-formed nanoparticle, or the particles themselves can be composed of self-assembling block co-polymers in which the inner block is solvophobic. In both cases the outer block or corona polymers exhibit changes in their solvation properties according to a change in temperature. The thermoresponsive polymers forming the corona are characterised by their Lower or Upper Critical Solution Temperature (LCST 11 or UCST 12 ) behaviour. For the LCST polymers, which have been most widely investigated for thermoresponsive nanoparticles, there is a critical temperature above which the polymer is only partially miscible in its solvent. Below the LCST, the polymer and the solvent are in the same phase, stabilized for example by hydrogen bonds between the solvent and polymeric chain. Above the LCST, the process is entropy-driven and leads to phase separation, resulting in collapse of the polymer chain. 5 In the case of nanoparticles with a corona of polymers displaying an LCST in water, the result of the polymer phase change is a decrease in surface solvation and an enhancement in apparent particle hydrophobicity. In pure aqueous suspensions, the LCST change of surface-displayed polymers results in a loss in colloidal stability, which then leads to particle precipitation or aggregation, dependent on concentration. 1 In more complex environments, for example in biological fluids or in tissue, the phase changes and increase in surface hydrophobicity can result in differential protein adsorption or cell membrane interaction. 13 These variations in bio-interfacial behaviour 14 have been the most widely explored, as nanoparticles with these properties have been shown to exhibit controllable cell attachment and endocytosis. 6, 15 As a result, there have been many efforts to tune nanoparticle-surface interactions by varying the temperatures at which phase changes occur. However, while there have been many papers showing that the LCST (and UCST) of linear polymers in solution can be controlled very precisely by co-monomer content, molar mass and end-group content, [16] [17] [18] [19] the control of nanoparticle thermoresponsive properties has been more elusive. 1, 20 In part, this is because many studies have had a strong application focus, particularly in drug delivery, where interpretations of data are often confounded by alterations in polymer LCST by electrolytes 21 and biopolymers, which in turn lead to highly variable protein adsorption or cell membrane association dependent on the specific environment. 22 There are also the well-known issues in characterising polymers grown from the surface of nanoparticles, or estimating polymer surface coverage when the polymers are grafted to pre-formed nanoparticles.
Very recently, work from the Gibson group has offered important insight into the thermoresponsive behaviour of poly(Nisopropylacrylamide) (pNIPAM) coated gold NPs. 23 Mixtures of thermoresponsive particles with different core sizes and chain lengths were shown to display controllable aggregation behaviour, with co-operativity in association between particles demonstrated convincingly in spectroscopic and transmission electron microscopy studies.
In parallel, we have been investigating routes by which precise and reliable thermoresponsive behaviour can be introduced into 'polymer-only' nanoparticles, ultimately to develop predictable and constant release systems for drug delivery. We are also interested in developing simple formulation rules, through which temperature response can be 'dialled in' to nanoparticles in a manner analogous to that in linear responsive co-polymers. Here we describe how mixtures of different thermoresponsive polymers, based on oligo(ethyleneglycol)-methacrylate (OEGMA) and 2-(2-methoxyethoxy)ethyl methacrylate (also known as diethyleneglycolmethacrylate or DEGMA) monomers, and their resulting nanoparticles can be mixed to yield a range of temperature responses. We base this work on the hypothesis that aggregation temperature of nanoparticles can be controlled through 2 ways: (a) mixing of pre-formed nanoparticles from constituent individual PLA-b-p-OEGMA-stat-DEGMAs of varying critical aggregation temperature (single polymer corona nanoparticles) Fig. 1 Structure of polymers and cartoon representation of different PLA-p(OEGMA) copolymers used to form thermoresponsive nanoparticles. Individual polymers with varying ratios of (OEG) 9 MA and DEGMA were formed into nanoparticles (''Single polymer corona nanoparticles'') or mixtures of co-polymers were prepared prior to nanoparticle formation (''binary polymer corona nanoparticles''). The resulting nanoparticles displayed variable aggregation temperatures dependent on the relative concentrations of the copolymers in the blends. and (b) mixing of pre-formed co-polymers of poly(lactic acid) (PLA)-block-poly(oligo(ethyleneglycol)methacrylate) (p(OEGMA))-co-poly(diethyleneglycomethacrylate) (pDEGMA) with varying LCST prior to nanoparticle formation through nanoprecipitation (binary polymer corona nanoparticles). Accordingly, we report copolymer and nanoparticle mixtures at different constituent ratios, and show the results of dynamic light scattering and turbidimetry experiments to characterise size and transition temperatures of the resulting nanoparticles (Fig. 1 ).
Materials and methods

Materials
D,L-Lactide (Sigma Aldrich), (2-(2-methoxyethoxy)ethyl methacrylate) (DEGMA, average M n ca. 188, Sigma Aldrich), oligo(ethylene glycol) methyl ether methacrylate (OEGMA, average M n ca. 500, Sigma Aldrich), copper(II) bromide (Alfa Aesar, 99%), N,N,N 0 ,N 00 ,N 00 -pentamethyldiethylenetriamine (PMDTA) (Sigma Aldrich, 99%), tin(II)2-ethylhexanoate (Sn(Oct) 2 ) (Sigma Aldrich, 95%), 2-butanone (Sigma Aldrich, 99%) were used as received.
Synthesis of polymers
Poly(lactide) macro initiator. The synthesis of the macro initiator was performed following a previously established procedure. 24 To a dry round bottom flask O-(2-bromoisobutyryl)- Thermoresponsive copolymer (PLA-b-P(DEGMA-stat-OEGMA)). To a round bottom flask, the poly(lactide) macroinitiator (2.2 g, 0.1 mmol, M n 22.6 kDa, PDI: 2.4), PMDTA (21 mL, 0.1 mmol) and CuBr 2 (23 mg, 0.1 mmol) were added. To the mixture varying amounts (Table 1 ) of the two co-monomers, DEGMA (M n B 188 Da) and OEGMA (M n B 500 Da), were used to give polymers with different properties. All the materials were dissolved in 15 mL of 2-butanone. The mixture was degassed by 3 cycles of freeze-pump-thaw prior to being backfilled with Ar. Tin(II) 2-ethylhexanoate (40.5 mg, 0.1 mmol) was added as the AGET reducing agent under Ar. The reaction was heated to 60 1C and stirred for 5-8 h to achieve 60-70% conversion.
The polymerisation was stopped by opening the flask and exposing the contents to air. The resultant polymer was recovered by three additions of cold hexane to precipitate the polymer. The precipitated polymer was then dissolved with DCM and passed through an aluminium oxide column to remove copper. The resulting co-polymer was obtained by evaporating to dryness in vacuo.
Characterisation of polymers -NMR
1 H NMR spectra were recorded at 20 1C on a Bruker instrument operating at 400 MHz. Chemical shifts (d) are referenced to CDCl 3 (d 7.26 ppm). The data were processed using MestReNova (v. 6.0.2) software. To determine DP of PLA macroinitiator the proton peak for lactide (d 5.3-5.1 ppm) was integrated in relation to terminal methyl of isobutyryl bromide group (d 1.96 ppm, 6H). The DP of copolymers were measured from DP of PLA (d 5.3-5.1 ppm, set to 1H) then integrating terminal PEGMA methyl (d 3.46-3.36 ppm, yH), y Â (PLA DP) = copolymer DP.
Gel permeation chromatography (GPC)
GPC was performed on a Polymer Laboratories GPC 50 system equipped with a refractive index detector. Separations were achieved with a pair of PLgel Mixed-D (5 mm bead, 7.8 Â 300 mm) columns with a matching guard (7.8 Â 50 mm) and chloroform as eluent at a flow rate of 1 mL min À1 . Calibration was performed using narrow molar mass range polystyrene standards (Polymer Labs) in the molecular weight range 0.13-210 kDa. Molar masses and dispersity values were calculated using Cirrus GPC 3.0 software. Full details of the characterisation data for these polymers are provided in the ESI. †
Nanoparticle preparation
The copolymers were dissolved in acetone at a concentration of 5 mg mL À1 . They were then mixed together at different ratios.
Each blend was prepared using a double syringe pump. One syringe was used to load the polymeric solution; the other one was loaded with an equal amount of water. The two solutions were loaded at the same time and mixed together in a T-junction, using the same flow rate of 1 mL min À1 and loading the same volume for both syringes. Copolymers rapidly formed nanoparticle suspensions through solvent exchange between water and acetone. The final suspension was then left at room temperature in order to reach complete acetone evaporation. 
Transition temperature determination by cloud point analysis
The transition temperature (T t ) was determined by measuring the change in absorbance of light using UV-vis spectrophotometry at 550 nm. This allowed for the increase in scattered light upon sample aggregation to be measured (cloud point). Cloud point evaluations were performed using a DU-800 UV/vis Spectrophotometer from Beckman Coulter, US, working at concentrations ranging from 2 to 5 mg mL À1 in deionised water. Samples were heated at a rate of 0.5 1C min
À1
. Measurements were taken every 0.5 1C. The absorbance was converted to % transmittance (%transmittance = 100 Â (10 ÀAbs )). Transmittance data were plotted versus temperature and T t taken to be the point at which there was a 50% drop in the normalised transmittance (normalised to 100%).
Heating-cooling cycles
Polymeric blends were analysed working at a concentration of 5 mg mL À1 . The blends were heated and cooled consecutively for 3 times using a rate of 0.5 1C min À1 , taking measurements every 0.5 1C. The heating and cooling curves were recorded for each blend for each cycle.
DLS measurements
Dynamic light scattering was performed using Nano-ZS Zetasizer and Viscotek Model 802 instruments. Samples were taken from nanoparticle suspension in ultrapure water (1 : 20 dilution), typically at 0.25 mg mL À1 and 25 1C measurements. Analyses were repeated 3 times for each sample, and a minimum of 10 measurements was performed for each analysis.
Cell culture and nanoparticle internalisation studies
Human colon cancer HCT116 cells and 3T3 fibroblasts were seeded at a concentration of 3 Â 10 5 cells per cm 2 on rounded glass coverslips in 6 well plates and incubated at 37 1C and 5% v/v CO 2 to allow cells to attach overnight. Subsequently, full media from the cells were aspirated and replaced, and the cells were incubated with 250 mg mL À1 of nanoparticles formulated from a sample of PLA-b-PLA-pOEGMA 5 polymer which had been labelled via incorporation of rhodamine B methacrylate dye ([dye] : [OEGMA/DEGMA], 1 : 1000). These nanoparticles exhibited a thermal transition temperature in cell culture media (HBSS/ HEPES 20 mM) of 28 1C, which was lower than that recorded in deionized water (41 1C, Table 1 ). The incubation step was carried out overnight at 37 1C prior to confocal microscopy analysis. Cells were stained with Hoechst 33342 1 mg mL À1 and/or CellMask deep red plasma membrane staining 1 mg mL À1 for 30 minutes and the staining solution removed prior to confocal microscopy on a Zeiss Confocal microscope 710.
Results and discussion
Nanoparticle synthesis and characterisation
The prerequisite for the study was the preparation of co-polymers with a hydrophobic block to provide a driving force for selfassembly in aqueous media and a thermoresponsive segment to provide temperature-switchable behaviour. A small library of copolymers was synthesised (Scheme 1) by varying the feed ratio of (2-(2-methoxyethoxy)ethyl methacrylate), (DEGMA, average M n : 188 Da) and oligo(ethylene glycol)methacrylate ((OEG) 9 MA, average M n 500 Da). A range of polymers was produced with systematically varied mol : mol ratios of OEGMA and DEGMA (Scheme 1) via the AGET-ATRP route. 25 The synthesised polymers varied in calculated molar mass (M n 38-68 kDa, NMR) and in polydispersity (B1.3-1.5). We refer throughout the manuscript to measured co-monomer content in these polymers rather than feed ratios: full details are shown in Table 1 . The synthesised polymers were then formulated into kineticallytrapped core-shell nanoparticles by two different methods. In the first method, individual solutions of each block co-polymer in a good solvent for both blocks, were added into water, thus producing a range of nanoparticles each with a thermal transition temperature dependent on the specific co-polymer forming the outer corona. We termed these as 'single component' nanoparticles, as only one block co-polymer type was used to form each nanoparticle. In the second method, solutions of two block co-polymers with different DEGMA : (OEG) 9 MA ratios were prepared in the good solvent, then added to water, producing co-precipitated i.e. 'blended' polymer nanoparticles. Previous studies have showed that the sizes of nanoparticles with thermoresponsive exteriors can significantly affect observed cloud points, owing to crowding effects which are strongly influenced by surface curvature. 19, 26 We therefore aimed to produce NPs of Z100 nm diameter: the sizes of the resultant nanoparticles obtained by light scattering measurements are shown in Table 1 and in ESI. † Subsequently, the thermal transition temperatures (T t ) were measured for the single component NPs (Table 1) , the blended polymer NPs, and mixtures thereof.
Temperature-turbidity studies of single component polymer nanoparticles (NPs) (''Single polymer corona nanoparticles'')
The measured solution cloud points (T t from turbidimetry) of the block co-polymers in this study ranged from 29 to 55 1C with an increase in T t with OEGMA content (Fig. 2) . These values were in accord with those reported previously for similar block co-polymers of poly(poly(propyleneglycolmethacrylate)-co-OEGMA-b-PLGA). 5, 24 and also for statistical poly(DEGMA-co-OEGMA) thermoresponsive polymers. 21, 27, 28 It has previously been shown that the transition temperatures of POEGMA-based polymers are not dependent on the number average molar mass, 21 and thus it is unlikely that the changes in particle transition temperature observed were a function of variations in molar mass in the constituent polymers.
Temperature-turbidity studies of nanoparticles formed by simultaneous co-precipitation of polymers with different individual cloud points (''Binary polymer corona nanoparticles'')
In order to investigate possible control of cloud point by nanoparticle composition, mixtures of PLA-b-P(DEGMA-stat-OEGMA) polymers each with different T t were precipitated from acetone into water to obtain the blended NPs. The ratios of the individual polymers in the formulated nanoparticles were systematically varied from 0% pOEGMA (i.e. PLA-pDEGMA 100), 25% (i.e. PLA-pDEGMA 75% and PLA-pDEGMA-stat-OEGMA 25%), 50% (PLA-pDEGMA 50% and PLA-pDEGMA-stat-OEGMA 50%), 75% (PLA-pDEGMA 25% and PLA-pDEGMA-stat-OEGMA 75%) and 100 weight percent (PLA-pDEGMA-stat-OEGMA 100%) such that any relative enrichment of one co-polymer over another in the surface corona might be detected. In addition, the PLApDEGMA-stat-OEGMA co-polymers in the mixtures were varied, employing co-polymers with increasing OEGMA content (i.e. PLA-pDEGMA 95-stat-OEGMA 5%, 10%, 15% and 20% mole% and thus higher individual T t ), in the blend. The compositions and the temperature vs. turbidity (data expressed in absorbance and transmittance) of the resulting copolymers are reported in Fig. 2 and 3 . As is apparent from Fig. 2 , the change in absorbance of nanoparticle suspensions with temperature varied with the different compositions of nanoparticle blends. However, for most of the formulations, the cloud points of the blends were close to that of PLA-pDEGMA 100, even if the nanoparticle formulation contained up to 50% of PLA-pOEGMA-co-DEGMA co-polymer with a higher original cloud point (T t ). Only where the PLA-pOEGMAco-DEGMA content reached 75% relative to PLA-pDEGMA 100 polymer did the observed T t become similar to the T t of the introduced PLA-pOEGMA-co-DEGMA, irrespective of which PLA-pOEGMA-co-DEGMA (i.e. PLA-pOEGMA 10, 15, 20) had been added. The only exception to this occurred in the case of PLA-pDEGMA 100-PLA-pOEGMA 5 blends, where the T t was almost exactly at the mid-point between the T t for pure PLApDEGMA 100 and PLA-pOEGMA 5 when the PLA-pOEGMA 5 content was 75%. In addition, the turbidities of the solutions above the cloud points were lower for the blends at the same concentration of particles compared to the turbidities of the 'single-co-polymer' NPs. In particular, absorbance was strongly reduced for NPs containing PLA-pDEGMA 100 weight fractions of 50% and 25%. This behaviour was observed for all polymers that were mixed with PLA-pDEGMA 100 (see Fig. 2 ). These results suggested that there was limited 'cooperativity' between co-polymers of different T t undergoing coil-to-globule collapse at the surfaces of the particles as such behaviour would have been manifest by bulk aggregation. This also indicated that the most important factor in the aggregation was the proportion of the PLA-pDEGMA 100 component in the blend, as when this was progressively diluted in composition in the blended nanoparticles, the overall turbidity decreased. In turn, this suggested that either there was insufficient pDEGMA exposed at the surface of the lower PLA-pDEGMA 100-content NPs to render the surface sufficiently hydrophobic on chain collapse to aggregate, or that blending of co-polymers during nanoprecipitation generated nanoparticles with heterogeneous surfaces.
In experiments to test these individual hypotheses, we then turned to NPs formulated from copolymers in which the co-monomer ratios in the constituent individual co-polymers were different by no more than 5 mole% OEGMA:DEGMA, as we reasoned that these polymers would be most likely to mix. In addition, we selected PLA-pOEGMA-10 and PLA-pOEGMA-15, as these polymers displayed cloud points at temperatures achievable clinically by local hyperthermia. 29 The results of the temperature-turbidity measurements for blends of these terpolymers in nanoparticles are shown in Fig. 3 . The data show that single transition temperatures were observed for the blends of the PLA-pOEGMA-10 and PLApOEGMA-15 across all compositions tested, and that cloud point values ranged from 45 1C for pure PLA-OEGMA 10 increasing linearly to 50 1C of pure PLA-OEGMA 15 according to (OEG) 9 MA percentage ( Fig. 3 and Fig. S2 , ESI †).
Heating-cooling cycles
For many practical applications, there is a need for particle selfassociation and aggregation to be reversible, thus a number of heating-cooling cycle experiments were conducted. Binary polymer corona nanoparticles as shown in Fig. 2 and 3 were subjected to multiple heat-cool cycles and the temperatureturbidity curves were compared (Fig. 4) . As exemplified for nanoparticles prepared from blends of PLA-pOEGMA 10 with PLA-pOEGMA 15, which showed a linear variation of T t with increased PLA-OEGMA content (Fig. S2 , ESI †), there were minimal differences in the temperature-turbidity curves over 3 consecutive heat-cool cycles (Fig. 4b) . The same heat-cool cycle experiments with nanoparticles formed from blends of PLA-pDEGMA 100-PLA-pOEGMA 10 also showed complete reversibility of the temperature turbidity curves, suggesting that any changes in nanoparticle structure over the temperature ranges were transient (see Fig. 4 ). 
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These experiments demonstrated 'formulation stability' of the particles formed from blends of two thermoresponsive polymers. However, the cloud points in the cooling processes were slightly lower when compared to those obtained during the heating cycles: this hysteresis can be explained by the interactions that are generated among polymer chains once the T t is passed. Rehydration and chain extension of the collapsed polymer chains as the temperature drops below the polymer phase transition can be slower than initial polymer collapse above the thermal transition temperature: similar effects have been observed with pOEGMA-based polymers previously. 22 Temperature-turbidity studies to compare nanoparticles formed from co-polymer blends with mixtures of single polymer corona nanoparticles Subsequent experiments were designed to test the hypothesis that tuning of thermal transition temperature might be obtained through mixing preformed nanoparticles with varying individual T t , rather than by mixing polymers of different thermal transition temperatures prior to nanoparticle formation. Single polymer corona nanoparticles prepared from PLA-pDEGMA 100, PLA-pOEGMA 10 and PLA-pOEGMA 15 were mixed to give particle blends at the same ratios that were used to prepare nanoparticles from the mixtures of PLA-DEGMA 100-PLA-pOEGMA 10 and PLA-pOEGMA 10-PLA-pOEGMA 15 co-polymers. As apparent from Fig. 5 (and compared with Fig. 2 and 3) , the resulting temperature-turbidity graphs for single polymer corona nanoparticles resembled closely the curves for the binary polymer corona nanoparticles obtained by mixing co-polymers in different ratios prior to nanoparticle formation.
Preliminary analysis of nanoparticle cytocompatibility
The potential for these materials to be used in an exemplar biomedical setting was assessed by evaluating the endocytosis of a selected sub-set of the nanoparticles. As our previous data with similar polymers had indicated uptake of nanoparticles in MCF7 breast cancer cells, 5 we decided to investigate a cell line, HCT116, representing an additional solid cancer, colon cancer, and a fibroblast cell-line, 3T3, as an example of a stromal cell. We chose the PLA-b-P((DEGMA)-stat-(OEGMA)) polymer (PLA-pOEGMA 5) polymer as our investigational polymer, owing to its thermal transition temperature of 40 1C, and found that when prepared with B1% rhodamine methacrylate to provide a fluorescent label, the thermal transition temperature for these polymers in cell culture media was 28 1C. Accordingly, at 37 1C (optimal for cell culture), we expected that these nanoparticles would be readily endocytosed by both cell lines. Initial Alamar Blue assays indicated that the polymers had little or no effect on metabolic activity up to a concentration of at least 1 mg mL À1 (Fig. S45 , ESI †). As apparent from Fig. 6 , the nanoparticles were apparent in the cytoplasm of both the fibroblast and cancer cell lines following the selected incubation time period.
Discussion
The data obtained for both the 'binary polymer corona' and 'single polymer corona' nanoparticles showed that tuning of the thermoresponsive properties and the aggregation temperature of the poly(oligoethylene glycol methacrylate)-co-poly(diethylene glycol methyl ether methacrylate) (p(OEGMA-stat-DEGMA)) was possible by systematic variation of shell co-monomer content. However, unlike the case for linear co-polymers which display Lower Critical Solution Temperatures (LCST) dependent on the ratios of constituent co-monomers, 21, 27 there was no simple and general rule linking composition of these nanoparticles to aggregation temperature. It is important to emphasise that observed aggregation of particles by turbidimetry is concentrationdependent 30 and cannot provide detailed mechanistic information on the thermal transitions of individual co-polymers at the surfaces of nanoparticles. However, as an easily accessible measurement technique, solution turbidimetry provides valuable practical information concerning the effects of polymer transitions on nanoparticle self-association and solution stability.
In addition, the temperature-turbidity curves obtained for the different families of nanoparticles enable some insights to be 
Temperature-induced nanoparticle aggregation
The key factor controlling aggregation in nanoparticle formulations is colloidal stability. For the PLA-b-P((DEGMA)-stat-(OEGMA)) polymer nanoparticles in this study, all but two of the zeta potentials (Table S1 , ESI †) were close to zero indicating a limited extent of charge-mediated colloidal stabilisation. While zeta potentials did become more negative over time due most likely to partial hydrolysis of lactide blocks (data not shown), the primary stabilising contribution at the start of the study was expected to be the presence of the chain-extended hydrophilic pOEGMA at the nanoparticle surface. When co-polymerised with DEGMA the resultant polymers displayed predictable phase transition temperatures in water, but when grown from a hydrophobic PLA block and assembled into kinetically-trapped nanoparticles, the coil-toglobule collapse of the corona co-polymers was expected to be constrained. The constraints arise from surface geometry, i.e. the extent to which polymers can collapse without sterically hindering neighbouring chains, and also concentration/ conformation effects, for example if the polymers are in 'brush' or 'mushroom' domains. The nanoparticles in this study were varied in diameters between 110-140 nm and thus while surface geometry cannot be ignored, the effects were likely to be very similar across the set of nanoparticles tested. This is because the sizes of the particles were in all cases much greater than the expected end-to-end distances of the individual polymer chains. Based on degrees of polymerisation of 75-150 in the pDEGMA and pOEGMA segments, even for fully extended 'bottle brush' chains the maximum geometric end-to-end distance would be B18 nm per pOEGMA chain. A more realistic block length assuming some conformational flexibility would be B7 nm, which is rather less than any of the radii of nanoparticles.
The method of assembly of the nanoparticles was also constant across the set of formulations, and thus was likely to generate polymer coronae which were similar in conformation and effective surface concentration irrespective of the individual polymers used. The most observable effects of size on aggregation phenomena were thus likely to have been on efficiency of particle packing above the aggregation temperature rather than the likelihood of different sized NPs having different surface compositions and architectures.
Temperature-turbidity responses of 'binary corona' nanoparticles
For the first set of binary mixtures selected (Fig. 2) , the nanoparticles were formed from mixtures of a PLA-pDEGMA di-block and a PLA-pDEGMA-co-pOEGMA block, with variations in pOEGMA content of the PLA-pDEGMA-co-pOEGMA block. Thus, all the nanoparticles shown in Fig. 2 were prepared from a di-block co-polymer and a di-block terpolymer, with the corona expected to be formed from a pDEGMA block and/or a pDEGMA-co-OEGMA block. The extent of mixing of different polymers is complex, with a strong thermodynamic driving force towards phase separation of dissimilar segments, but also changes in polymer association over time even in polymer blends. 31 Thus, while the co-polymers in this study were similar in overall composition and molar mass, it is likely that some enrichment of one of the components of the blends may have occurred, leading to heterogeneity in nanoscale domains. 32, 33 This may have resulted in corresponding variations in self-associative and aggregative behaviour. As apparent from Fig. 2 and 3 , the cloud points for these ''binary polymer corona'' nanoparticles were most strongly influenced by the most abundant copolymer. When PLA-pDEGMA 100 was the predominant component, transition temperatures closely matched those of nanoparticles made of PLA-pDEGMA 100 alone. Above 50% incorporation of PLApOEGMA-co-DEGMA, the T t values for the particles were closer to those made of the PLA-pOEGMA-co-DEGMA exclusively, suggesting that either the increased pOEGMA content in the corona prevented collapse of pDEGMA chains or provided sufficient steric colloidal stabilisation as to make collapse of pDEGMA chains negligible. The overall turbidities of the solutions above the transition temperatures were informative also, as the progressive drop in turbidity with increased pOEGMA content up to the 50% w/w suggested only a proportion of the nanoparticles were aggregating or the overall aggregate size was smaller and therefore scattering less light. In two cases at the higher pOEGMA compositions, this phenomenon was manifest in difficulties in detecting the transition temperatures of the nanoparticles with high precision, with apparently the same, or marginally higher, T t values for 75% PLA-pOEGMA 15 and PLA-pOEGMA 20 nanoparticles than those with 100% PLA-pOEGMA 15 and PLApOEGMA 20.
However, by changing the coronae from mixtures of a 'homopolymer' (i.e. the pDEGMA block of PLA-pDEGMA 100) and statistical co-polymers of pDEGMA-co-OEGMA, to mixtures of different pDEGMA-co-OEGMA co-polymers, a more predictable tuning of aggregation temperature was obtained (Fig. 3) . This may be attributed to the similarity in the PLA-pDEGMA90-co-OEGMA10 and PLA-pDEGMA85-co-OEGMA15 (''PLA-pOEGMA 10 and PLA-pOEGMA 15'') co-polymers in the outer layer, and the possibility of better mixing during nanoparticle formation. This effect was also observed for PLA-pDEGMA-co-OEGMA co-polymers with higher overall OEGMA content as long as the two co-polymers used in the mixture did not vary in OEGMA:DEGMA mole fraction by more than 10% (data not shown). The overall turbidities declined to a lesser extent with changes in OEGMA content in these 'all OEGMA-co-DEGMA' copolymer particles, compared to the nanoparticles containing the PLA-pDEGMA mixed with PLA-pDEGMA-co-pOEGMA polymers.
In all cases, the transition temperatures of the nanoparticles were essentially the same over multiple heating/cooling cycles (Fig. 4) . These data indicated that the gross surface structures and morphologies of the nanoparticles formed during the nanoprecipitation process were invariant across the solution phase transition temperatures of the individual polymers. Experiments were carried out to probe any changes in nanoparticle structure and morphology by TEM following these heat-cool cycles. No obvious variations in the nanoparticle sizes or shapes were apparent in TEM after heating and cooling (Fig. S47, ESI †) , and DLS also indicated no significant change in size.
Temperature-turbidity responses for mixtures of 'single corona' nanoparticles
The final approach to tune aggregation temperature was to mix nanoparticles prepared from specific individual co-polymers. The temperature-turbidity curves for these mixtures of preformed co-polymer nanoparticles were in general very similar to those of the nanoparticles prepared from the polymer blends, as can be discerned by comparison of the graphs on the left and right hand side of Fig. 5 . Thus for blends of 25% PLA-pDEGMA 100 and 75% PLA-pOEGMA 10, PLA-pOEGMA 15 and PLApOEGMA 20, the observed transition temperatures were similar to those of mixtures containing pre-formed NPs of PLA-pDEGMA 100 and PLA-pOEGMA 10, PLA-pOEGMA 15 and PLA-pOEGMA 20 in the same % compositions. The same pattern of transition temperature variation was apparent for blends of 75% PLApDEGMA 100 and 25% PLA-pOEGMA 10, PLA-pOEGMA 15 and PLA-pOEGMA 20 and the corresponding compositional mixtures of pre-formed nanoparticles. Intriguingly however, variations in the observed T t values for the pre-formed co-polymer nanoparticles containing 50% PLA-pDEGMA 100 and 50% of PLApOEGMA 10, PLA-pOEGMA 15 or PLA-pOEGMA 20, compared to their blend co-polymer counterparts were apparent. For example, in the nanoparticles containing a blend of 50% PLA-pDEGMA 100 and PLA-pOEGMA 10, the observed T t was 30 1C, whereas for the mixture of pre-formed nanoparticles in the same ratio the T t was hard to discern. The reason for the difference in aggregation temperature between blended polymer nanoparticles and mixtures of pre-formed nanoparticles at this specific compositional ratio is not obvious, however interaction between the particle types, e.g. surface adsorption, may prevent bulk aggregation even when particles with lower T t have collapsed coronas. DLS and zeta potential data (Table S1 , ESI †) for these materials were not very different across the whole set, except for the PLA-pDEGMA 100 (50% w/w)-PLA-pOEGMA 10 (50% w/w) blends and PLApDEGMA 100 (50% w/w)-PLA-pOEGMA 10 (50% w/w) nanoparticles and even in this case the difference in diameter was less than 30 nm and z-potential variation of B5 mV. In addition, for the most highly negatively charged samples, the particles still aggregated above a critical temperature, indicating that the loss of steric stabilisation above this point overrode any charge-mediated stabilisation. Thus the most likely explanation of the observed aggregation behaviour in the mixtures compared to the blends is that there were lower associative forces between the mixtures of pre-formed nanoparticles. This may have arisen because the different constituent polymers in the blended nanoparticles may have generated regions where one polymer was enriched, leading to surface heterogeneities and the greater possibility of inter-chain penetration on contact with another heterogeneous nanoparticle. The singlecomponent nanoparticles probably had less heterogeneity in the outer layer, leading to less inter-chain association. Thus the subtle heterogeneities in surface structures in the 50% mixtures may have been more dominant in overall aggregative behaviour than for nanoparticles containing greater proportions of one co-monomer.
It has been noted many times before that the aggregation behaviour of thermoresponsive nanoparticles is highly complex, 23, 34, 35 and there are many interlinked variables which can complicate attempts to define structure-property relationships. 36, 37 For the nanoparticles in this study, we chose to keep concentrations and solution conditions constant, in order that factors such as aggregation kinetics and ionic strength were minimised. 21, 36 We also used poly(ethyleneglycol)methacrylatederived monomers such that the resulting polymers could act only as lone-pair donors and thus not form inter-chain hydrogen bonds as reported for poly(N-isopropylacrylamide)-based materials. 38 The data obtained for these nanoparticles, even in the absence of competing salts, proteins or other components present in environments where responsive materials are likely to find use, suggest that particle aggregation behaviour is not easily predictable based purely on polymer composition. Indeed, the preliminary cell culture studies showed that components in the cell growth media contributed to a drop in thermal transition temperature of more than 10 1C (from B40 to B28 1C) for the PLA-b-P((DEGMA)-stat-(OEGMA)) polymer (PLA-pOEGMA 5) nanoparticles. In addition, for hydrolytically degradable polymers, such as the PLA cores used in this study, there are possible further variations in polymer physical properties dependent on sample age. The thermal transition temperature changes we observed suggest that formulations intended for specific biomedical applications need to be pre-screened in environments close to which they would be used in practice, i.e. in the presence of salts, metabolites etc., as data are not directly transferable from model studies in highly controlled environments. We are currently collating data from cell culture and drug delivery studies of other nanoparticle formulations we have introduced in this manuscript, as the preliminary experiments with the PLA-pOEGMA 5 nanoparticles indicated rapid endocytosis above the thermal transition temperature in 2 cell lines. The full endocytosis evaluations for all 36 formulations prepared in this study (to be reported in future) may require bespoke optimisations in the specific culture media for individual cell lines. Nevertheless, for co-polymers which are similar in structure, such as the pOEGMA-based materials used here, and for nanoparticles blended from chemically similar components, it should still be possible to tune thermal response temperature in their respective nanoparticle formulations based on the strategies we have described.
Conclusions
In summation, this study has shown that critical aggregation temperatures of thermoresponsive nanoparticles can be tuned by two complementary methods. These involve the simple blending of co-polymers with different co-monomer ratios prior to nanoprecipitation, and by the mixing of pre-formed nanoparticles derived from nanoprecipitated copolymers of different monomer ratios. However, the relationship between aggregation temperature and co-polymer or nanoparticle composition is only linearly variable over specific formulation regions. This 'temperature tuning region' is predictable if the copolymers used to form the nanoparticles are similar in their OEGMA substitution ratio and chain length. It was also found that the nanoparticles were stable to repeated heat-cool cycles and that the thermal aggregation behaviours were fully reversible over multiple heating-cooling experiments. These data suggest that it is possible to design nanoparticles with specific aggregation temperatures but over a wide range via simple mixing of small families of chemically similar pre-cursor copolymers. The data also imply that any variations in surface structure of responsive nanoparticles, such as those possible from polymer demixing, may have marked effects on associative or adsorptive properties, and these will need careful evaluation prior to the use of these materials in biomedical environments.
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